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ABSTRACT
Core (paraspinal) muscle strengthening exercises are increasingly applied as
methods for management of lower back pain in military working dogs. However, more
evidence-based studies are needed to justify these methods. A previous publication
correlated increased flexion/extension changes in lumbosacral intervertebral foraminal
area (positional foraminal stenosis) with lower back pain in dogs. Aims of this thesis
project were to test hypotheses that 1) lumbosacral paraspinal muscle areas will be
associated with positional changes in inter-vertebral foraminal areas, 2) muscle areas will
significantly differ by positioning, and 3) lumbosacral angles and range of motion values
will significantly differ by measurement technique. A retrospective cross-sectional study
was conducted using archived computed tomography (CT) scans of the lumbosacral
region in 39 military working Labrador Retrievers. Scans had been acquired for another
research project, using standardized flexion and extension positioning. For the current
study, CT scans were retrieved and a single observer performed triplicate measurements
of transverse sectional areas for the vertebral body and each paraspinal muscle at three
vertebral locations, for both right and left sides, and for both flexion and extension
positions. Vertebral body areas were used for calculation of muscle area ratios. The
same observer also measured intervertebral foraminal areas for both sides and both
positions at each vertebral location, using 2 previously published techniques. A second
observer recorded lumbosacral angles in both positions using 2 previously published
techniques. In consultation with a statistician, mean values for each variable were
calculated and compared. Very weak associations were found for mean muscle area
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ratios and absolute intervertebral foraminal area percent change. Significant differences
were identified between flexion/extension positions for all mean muscle area ratios.
Significant differences between technique 1 and technique 2 were found in both flexion
and extension for mean lumbosacral angles. Mean values for lumbosacral range of
motion did not significantly differ by measurement technique. These findings indicated
that core muscle strengthening exercises may not be the most effective way of managing
dogs with positional foraminal stenosis. Findings also indicated that patient positioning
and lumbosacral angle measurement techniques should be standardized for future studies
when determining the effectiveness of exercise prescriptions.
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CHAPTER 1. INTRODUCTION
Importance of the Study
Degenerative lumbosacral stenosis (DLS or DLSS) is a complex problem of the
lumbosacral joint which is of particular concern for military working dogs (MWD)
because it can be a cause of early retirement (Linn et al., 2003). One of the features of
DLS is spinal instability. Research findings indicate that surgical intervention diminishes
in effectiveness of returning the animal to duty when clinical signs increase in severity
and the dog ages. Early detection of DLS is difficult due to the stoic nature of MWDs.
Earlier detection and subsequent treatment may extend the working life span and improve
quality of life for these dogs (Moore et al., 2001; Linn et al., 2003). Preventative
medicine and targeted therapies of known diseases that shorten service life should be
employed to improve longevity. Canine sports medicine and rehabilitation are emerging
fields in veterinary medicine that function to prevent and treat injury (Zink and Van
Dyke, 2013a; Zink and Van Dyke, 2013b; McGonagle et al., 2014). It has been theorized
that targeted, core muscle strengthening exercises can help improve spinal stability,
reduce the risks of lumbosacral injuries, and reduce lumbosacral pain in dogs (Ritter et
al., 2001; Henderson, 2014). Exercise benefits have been quantified in dogs based on
improvements in clinical signs and increases in paraspinal muscle transverse areas
(Henderson, 2014). It has therefore been assumed that increasing muscle size through the
use of strengthening exercises would result in improved spinal stability. However, more
evidence-based studies are needed to assess the validity of these assumptions for the
canine athlete.

1

When a MWD leaves service, the government loses an asset in addition to
investments from purchasing, training, and care for that dog (Evans et al., 2007). The
United States spends an estimated seven to eight million dollars a year on approximately
1,000 to 2,000 MWDs at installations around the world (Moody et al., 2006). However,
exact expenditures and MWD numbers are kept confidential. Historically, the primary
medical reasons for discharge of MWDs are neurologic and orthopedic diseases which
are a diagnostic and therapeutic challenge to clinicians (Moore et al., 2001; Linn et al.,
2003; Evans et al., 2007). In a 2001 study, 145 of 927 MWDs (15.6%) died or were
euthanized as a result of spinal cord diseases (Moore et al., 2001). Labrador Retrievers
are a common breed choice as specialized detection dogs which are in high demand due
to the current political climate of the world (Sinn et al., 2010; Lazarowski et al., 2014;
Sherman et al., 2015).
Working tasks for MWDs commonly require positioning of the lumbosacral spine
in hyperextension. One previous publication reported that the clinical sign of reluctance
or failure to perform working tasks requiring lumbosacral hyperextension was frequently
present in MWDs with surgically-confirmed DLS (Linn et al., 2003). Another previous
publication correlated increased flexion/extension changes in intervertebral foraminal
entrance zone area (positional foraminal stenosis) with clinical signs of lumbosacral pain
and hindlimb lameness in a group of dogs with lumbosacral disease (Jones et al., 2008).
Authors of this second study proposed that positional foraminal stenosis may be an
indicator of spinal instability in dogs with lumbosacral disease and caused by a failure of
the supportive ligaments and other connective tissues dorsal to the lumbosacral junction
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(dorsal compartment instability). It would therefore be helpful to know whether
increased paraspinal muscle size is associated with decreased flexion/extension changes
in intervertebral foraminal area. If so, this would provide evidence supporting the use of
core muscle strengthening exercises as a treatment for positional foraminal stenosis.

Objectives of the Study
Aims of this thesis project were to test hypotheses that 1) lumbosacral paraspinal
muscle areas will be associated with positional changes in inter-vertebral foraminal areas,
2) muscle areas will significantly differ by positioning, and 3) lumbosacral angles and
range of motion values will significantly differ by measurement technique (Jones et al.,
2008; Higgins et al., 2011).

Definitions of Terms
Definitions for this section were based on standard veterinary anatomic texts
(Dyce et al., 1987; Evans, 1993; Blood and Studdert, 1999; Dyce et al., 2002; Evans and
de Lahunta, 2013). Terms from the 3rd edition of “Miller’s Anatomy of the Dog” were
used if discrepancies between texts were detected.

Directional Terms
Dorsal, ventral, cranial, caudal, medial, lateral, proximal, distal, axial, and abaxial
are terms used to describe position and direction. For quadruped animals, dorsal
structures are toward the back of the trunk. Conversely, ventral structures are toward the
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underside or belly. In bipeds the term posterior is used instead of dorsal and anterior is
used instead of ventral. In quadrupeds, cranial refers to structures toward the head and
caudal structures are toward the tail. In bipeds, the term superior refers to structures
toward the head and inferior refers to structures towards the tail or tail remnant. Medial
structures are toward the middle or median plane. Alternately, lateral structures are
toward the sides of the animal. Structures that are close to the center of the body are
considered proximal while structures that are distant from the center of the body are
considered to be distal. Axial structures are close to the axis and abaxial structures are at
a distance from the reference axis. The term hypaxial refers to structures beneath an axis
or ventral to the long axis of the body. Epaxial structures are situated above an axis.
Ipsilateral pertains to the same side of the body and contralateral relates to the opposite
side of the body to the anatomy in question. The lower back or lumbosacral spinal region
in dogs and other species is defined as the most caudal lumbar vertebrae and the sacral
vertebrae, along with the soft tissues that are within and immediately surrounding the
vertebrae.

Body Planes
Median, sagittal, dorsal, and transverse are 4 planes used to describe sections of
the body. The median plane establishes the left and right halves of the body and any
plane parallel to the median plane is considered a sagittal plane. The dorsal plane divides
the body parallel to the dorsal surface to create dorsal and ventral portions. The
transverse plane transects the body or appendage perpendicular or at a right angle to its
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own long axis. In veterinary and human literature, the term cross-sectional has been used
as a synonym for transverse sectional. In this thesis, the term transverse sectional will be
used.

Movement and Positioning
Bones articulate with each other using joints. Joints can be synovial, cartilage, or
fibrous tissue types. The bending or retracting of a joint to reduce the angle between two
articulating bones is known as flexion. When a joint is lengthened or straightened to
increase the angle between bones, this is known as extension. With regard to limb
movement, protraction is synonymous with extension while retraction is comparable to
flexion. Abduction is the action of moving a part away from the median plane while
adduction is moving toward the median plane. When an animal is lying on its back it is
in the supine position. When an animal is lying on the stomach it is in the prone position.

Diagnostic Imaging Methods
Computed tomography (CT) is a diagnostic imaging tool that uses x-rays to create
transverse sectional images that can be reformatted into 3-dimensions (Merriam-Webster,
2017). A CT unit is made up of a gantry, which contains an x-ray tube, a patient table,
and an operator console behind a radioprotected screen (Saunders and Ohlerth, 2011).
Magnetic resonance imaging (MRI) is another form of diagnostic imaging that instead
uses a magnetic field and radio waves to derive images (Merriam-Webster, 2017).
Sonography, also known as ultrasound or ultrasonography, is a diagnostic imaging
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technique that employs the use of high frequency sound waves to create images
(Merriam-Webster, 2017). In CT imaging, the Hounsfield unit (HU) is a scale for
measuring radiodensity which is the inability of electromagnetic radiation to pass through
material. A more radiodense object is expected to have a greater HU when compared to a
less radiodense object.

Force and Motion
Technology has advanced over the last 20 years which has allowed researchers to
gain a better understanding of canine locomotion (Gillette and Angle, 2008). The term
kinematics refers to the study of object motion. Range of motion is the full mobility
potential of a joint. Electromyography is a technique for determining the electrical
activity produced by skeletal muscles. Stride length is the distance between two
consecutive placements of the same foot which can be used as a kinematic indicator of
stride quality.
Ground reaction forces are those which are exerted from the ground toward that
which is in contact (Ritter et al., 2001). For the trotting dog, these forces fall into three
categories dependent on their orientation: lateral, fore-aft, and vertical. Lateral forces are
typically small and act perpendicular to the animal’s direction. Conversely, fore-aft
forces work in the same direction as the moving animal and are often associated with
acceleration and deceleration. Vertical forces are the forces that counteract gravity.
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Muscle Growth
Muscle growth can occur by hyperplasia or hypertrophy (Pearson, 1990; Merrill,
2008). Hyperplasia refers to an increase in muscle cell number and is limited to pre- and
immediately post-natal development. Hypertrophy is the increase in muscle fiber size
through diameter or length. Exercise causes microtears in muscle fibers which result in
the release of cytokines (inflammatory molecules) to repair the damage. The greater the
damage to muscle tissue the greater the repair response and this continued cycle leads to
an increase in muscle size and strength. The inverse, muscular atrophy (or dystrophy)
can occur if muscles are not continuously exposed to resistance.

Exercise Prescriptions
Dynamic mobilization exercises require complete range of motion through joint
movement by flexion and extension. These exercises involve voluntary movements with
the objective of strengthening intervertebral joint muscles (Stubbs and Clayton, 2008).
Static exercises, also known as isometric, are the antithesis of dynamic movement
because they do not involve any joint movement. Gymnastic training exercises can be
expected to increase spinal flexibility and increase joint range of motion (de Oliveira et
al., 2015).
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Paraspinal Muscles
Anatomy of Canine Lumbosacral Paraspinal Muscles
Canine lumbosacral paraspinal muscles have been described in multiple resources
(Feeney et al., 1991; Smallwood and George, 1993; Asshauer and Sager, 1997;
Henderson, 2014; Cain et al., 2016). However, some of the published information is
discordant. The primary difficulties with determining muscle designations are finding
references at the same vertebral location with consistent labeling. The majority of the
canine reference images available have partial labels with entire muscle groups displayed
but unidentified.
In veterinary anatomy literature, there is incongruence at L5 as to specific muscle
designations. A book published in 1991 displays a transverse sectional image of a canine
cadaver with hypaxial muscles labeled from most medial to lateral as M. psoas minor, M.
psoas major, and M. quadratus lumborum respectively with no identification of epaxial
muscles (Figure 1) (Feeney et al., 1991). A journal article published in 1993 provides a
transverse sectional CT image at L5 which agrees with the 1991 reference book
identification of psoas minor, psoas major, and quadratus lumborum (Figure 2)
(Smallwood and George, 1993). However, the article figure also lacks identification of
the epaxial muscles and provides designations more ventral to the previous publication.
More recently, a CT image from a 2014 thesis labeled the hypaxial muscles at the same
location as iliopsoas and quadratus lumborum (Figure 3) (Henderson, 2014). Not only
does the thesis image not distinguish between major and minor psoas muscles but the
labeling combines the iliacus with the psoas (Henderson, 2014). The same thesis image
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includes identification of the multifidus lumborum as the most proximal epaxial muscle
to the spinous process and the longissimus lumborum as more lateral (Henderson, 2014).
Email correspondence with the author resulted in a change in muscle designation from
longissimus lumborum to sacrocaudalis dorsalis lateralis of the iliocostalis group
(Appendix C).
The discrepancies in the anatomic literature continue moving caudally along the
lumbar spine to L6. A 2016 journal article provides muscle designations in 3 CT
transverse sectional images at L5-6 (Figure 4) (Cain et al., 2016). The multifidus
lumborum is identified as the most proximal muscle to the spinous process which is
consistent with the 2014 thesis (Figure 3). However, the more lateral epaxial muscle is
designated as sacrocaudalis dorsalis lateralis which is consistent with the previously
mentioned revised thesis identification. The hypaxial muscles are identified as the
quadratus lumborum which is lateral to the transverse process and psoas which is more
medial to the vertebral body. The quadratus lumborum designation is consistent with all
previously mentioned published literature (Figure 1, 2, and 3) (Feeney et al., 1991;
Smallwood and George, 1993; Henderson, 2014). The psoas designation at that location
is novel in that it does not distinguish between major and minor but also does not
combine the iliacus. Instead, the iliocostalis is combined with the longissimus lumborum
as the muscle group lateral and ventral to the sacrocaudalis dorsalis lateralis. At L6, a
transverse sectional CT image from the previously mentioned 1993 journal article
indicates that the multifidus lumborum is adjacent to the spinous process and the
sacrocaudalis dorsalis lateralis is the more lateral epaxial muscle which is consistent with
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the 2016 journal article CT designation at L5-6 (Figure 4 and 5) (Smallwood and George,
1993; Cain et al., 2016).
Fortunately, the literature poses less conflicting muscle designations at L7. The
2016 publication indicates that at L6-7 the most medial epaxial muscle is the multifidus
lumborum and the more lateral is sacrocaudalis dorsalis lateralis (Figure 6) (Cain et al.,
2016). A transverse drawing based on a canine cadaver in a 2009 anatomic atlas and a
transverse sectional CT image from the 1993 publication agree with this labeling (Figure
8 and 9) (Smallwood and George, 1993; Done et al., 2009). At L7 the ilium becomes
visible and a book published in 1997 labels the muscle lateral to the ilium as the
Musculus gluteus medius with the 1993 article concurring (Figure 7) (Asshauer and
Sager, 1997). The muscle between the vertebra and ilium is labeled as m. longissimus
dorsi by the 2009 anatomic atlas but a CT image at L7-S1 in the 2016 journal article
indicates that the same muscle should be labeled as longissimus lumborum/iliocostalis
(Figure 8 and 10) (Done et al., 2009; Cain et al., 2016).
For the purposes of this research study, muscle designations are based on the most
recent publication with the addition of the gluteus medius identified as the muscle group
lateral to the ilium at L7-S1 (Table 1) (Figures 4, 6, 7, and 10) (Asshauer and Sager,
1997; Cain et al., 2016).
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Table 1. Canine lumbosacral paraspinal muscle designations.
Muscle Name
Abbreviation
Iliopsoas/Psoas
IP/PS
Quadratus lumborum
QL
Gluteus medius
GM
Longissimus lumborum/Iliocostalis
LL/IC
Sacrocaudalis dorsalis medialis
SCDM
Sacrocaudalis dorsalis lateralis
SCDL
Multifidus lumborum
ML
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Figure 1. Caudal L5 canine cadaver transverse section (Feeney et al., 1991) (Appendix
A).

12

Figure 2. Transverse canine CT image at L5 (Smallwood and George, 1993) (Appendix
B).
1 = spinous process of L5, 2 = caudal vena cava, 3 = right psoas minor muscle, 4 = right
psoas major muscle, 5 = right ureter, 6 = right horn of uterus, 7 = loops of jejunum, 8 =
descending colon, 9 = spleen, 10 = apex of urinary bladder, 11 = left horn of uterus, 12 =
left external abdominal oblique muscle, 13 = left internal abdominal oblique muscle, 14 =
left transverse abdominis muscle, 15 = thoracolumbar fascia, 16 = left quadratus
lumborum muscle, 17 = left transverse process of L5, 18 = left ureter, 19 = aorta
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Figure 3. Transverse canine CT image at the caudal endplate of L5 (Henderson, 2014)
(Appendix C).
LL = longissimus lumborum*, MF = multifidus lumborum, QL = quadratus lumborum,
IP = iliopsoas, L5 = vertebral body of L5

*email correspondence with author revealed correct muscle designation is sacrocaudalis
dorsalis lateralis
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Figure 4. Transverse canine CT images at L5-L6 (Cain et al., 2016) (Appendix D).
ML = multifidus lumborum, SDL = sacrocaudalis dorsalis lateralis, LL/IC =
lumborum/iliocostalis, QL = quadratus lumborum, PS = psoas
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Figure 5. Transverse canine CT image at L6 (Smallwood and George, 1993) (Appendix
B).
1 = spinous process of L6, 2 = right multifidus lumborum muscle, 3 = right sacrocaudalis
dorsalis lateralis muscle, 4 = caudal vena cava, 5 = right ureter, 6 = descending colon, 7 =
right horn of uterus, 8 = linea alba, 9 = left caudal abdominal mammary tissue, 10 = left
rectus abdominis muscle, 11 = urinary bladder, 12 = left horn of uterus, 13 = left ureter,
14 = left longissimus lumborum muscle, 15 = left transverse process of L6, 16 = aorta
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Figure 6. Transverse canine CT images at L6-L7 (Cain et al., 2016) (Appendix D).
ML = multifidus lumborum, SDL = sacrocaudalis dorsalis lateralis, LL/IC =
lumborum/iliocostalis, QL = quadratus lumborum, PS = psoas
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Figure 7. Caudal L7 transverse canine CT image (Asshauer and Sager, 1997) (Appendix
E).
Mm. mult = Musculi multifidi, Pr. spin = processus spinosus, M. glme = Musculus
gluteus medius, Ped. arcv = Pediculus arcus vertebrae, For. intv = Foramen
intervertebrale, Ext. cdL7 = Extremitas caudalis vertebrae lumbalis VII, M. psma =
Musculus psoas major
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Figure 8. Transverse drawing of L7 based on canine cadaver (Done et al., 2009)
(Appendix F).
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Figure 9. Transverse canine CT image at L7 (Smallwood and George, 1993) (Appendix
B).
1 = spinous process of L7, 2 = right multifidus lumborum muscle, 3 = right sacrocaudalis
dorsalis lateralis muscle, 4 = tuber sacrale of right ilium, 5 = right sacroiliac joint, 6 =
right psoas major muscle, 7 = right external iliac vessels, 8 = body of uterus, 9 = right
rectus abdominis muscle, 10 = descending colon, 11 = urinary bladder, 12 = left Sartorius
muscle, 13 = left tensor fasciae latae muscle, 14 = left middle gluteal muscle, 15 = right
and left internal iliac vessels
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Figure 10. Transverse canine CT images at L7-S1 (Cain et al., 2016) (Appendix D).
ML/SDM = multifidus lumborum/sacrocaudalis dorsalis medialis, SDL = sacrocaudalis
dorsalis lateralis, LL/IC = lumborum/iliocostalis, QL = quadratus lumborum, IP =
iliopsoas
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Roles of Canine Paraspinal Muscles in Lumbosacral Spinal Stability
The lumbar spine epaxial muscles are made up of the ML and LL/IC (Evans,
1993; Ritter et al., 2001; Cain et al., 2016). The ML is a segmented muscle in the
transversospinalis muscle group that originates from the articular or transverse process of
a vertebra and inserts on the spinous process of a cranial vertebra. Moving caudally
along the lumbar spine, the SCDM is a continuation of the ML and functions as the short
elevator of the tail. The LL/IC is lateral to the ML and is made of overlapping muscle
fascicles that extend from the ilium to the accessory processes of L1 to L6. The LL/IC is
similar to the ML in that it also has a caudal continuation. The SCDL functions as the
long elevator of the tail and is the continuation of the LL at the sacrum and tail. The
LL/IC originates from the ilium with fascicles that attach to the caudal ribs.
Determination of the exact function of the canine lumbosacral muscles has been a topic
of continued research.
In 2001, an article published in The Journal of Experimental Biology provided a
better understanding of the epaxial muscle function in trotting dogs (Ritter et al., 2001).
The LL/IC and ML were evaluated through a combination of gross anatomy,
electromyography, footfall patterns, force-plate recordings, and loading experiments.
After evaluating ten medium-sized, mixed breed dogs the researchers determined that
epaxial muscles counteract sagittal flexion of the back in addition to extending the trunk.
Then, in 2009 an electromyographic study was conducted on six mixed-breed
dogs to determine the activity of the LL/IC and ML while trotting on a treadmill
(Schilling and Carrier, 2009). For each dog, electrodes were surgically implanted at the
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level of the spinous processes of T13, L3, and L6 for both muscles. Locomotor forces
were manipulated in the following ways: increased weight along the back, greater incline
of the treadmill, added mass to the hindfoot, or horizontal applied force through a muzzle
and harness. The researchers determined that the epaxial muscles assist in stabilizing the
trunk against accelerations in the sagittal plane which agreed with the previously
published report.
A more recent study comparing the functional anatomy of the epaxial muscles of
greyhound and Staffordshire bull terriers indicated that breed differences in LL/IC exist
(Webster et al., 2014). Through cadaver muscle dissections, vertebral column muscles
were isolated. Then muscle volume, physiological transverse sectional area, and
normalized fascicle length were calculated. The research findings supported previous
studies which indicated that the LL/IC muscle has a pivotal role in spinal support and
stability as it had a significantly greater physiological transverse sectional area in the
greyhound than in the Staffordshire bull terriers. These results also indicate that there are
differences in the functional anatomy between dogs selectively bred for sprinting versus
fighting.
Further evidence as to the true function of the canine epaxial muscles was
provided through biplane x-ray videos combined with CT (Wachs et al., 2016). In a 2016
publication, three beagles walked and trotted on a treadmill while recorded from 2
different perspectives using high-speed video cameras with x-ray settings. Then, each
dog received a CT scan which was combined with the corresponding x-ray videos to
create reconstructed 3D kinematics. Pelvic motion and range of motion were measured at
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the following intervertebral joints: L1-L2, L2-L3, L3-L4, L4-L5, L5-L6, L6-L7, and L7S1. The researchers determined that, based on the intervertebral joints measured, L6-L7
and L7-S1 had the greatest movement during both walking and trotting. Caudal to L5
there was minimal spinal movement which the researchers speculated was due to the
epaxial muscles counteracting limb forces on the hips and trunk. However, specific
muscle activity was not measured during the experiment.
Counter to the epaxial muscles, the lumbar spine hypaxial muscles are made up of
the psoas minor, psoas major, and QL (Cain et al., 2016). The psoas major becomes the
IP/PS as it combines with the iliacus moving caudally along the lumbar spine. Research
of canine hypaxial muscle function has primarily been focused on the abdominal region
and the recruitment of hindlimbs. In the previously mentioned 2009 publication, the GM
was examined through electromyography along with 10 other hindlimb support muscles
in parallel with evaluation of the epaxial muscles (Schilling et al., 2009; Schilling and
Carrier, 2009). The researchers established that the GM is an extrinsic appendicular
muscle primarily responsible for retracting the hindlimb. They also determined that the
oblique hypaxial muscles in dogs stabilize the trunk against forces created by the
hindlimb protractor and retractor muscles. These research findings corroborate a study
conducted 8 years earlier (Fife et al., 2001). In the prior study, the activity of the
intercostal and abdominal oblique hypaxial muscles as well 2 appendicular muscles of 4
dogs were determined. The researchers discovered that the recruitment of the oblique
hypaxial muscles was inconsistent with their hypothesized purpose to stabilize the trunk

24

against hip rotation. This led to the now supported theory that oblique hypaxial muscles
function to stabilize the trunk against limb retraction and protraction forces.
Current literature indicates that the primary function of canine lumbar paraspinal
muscles is to provide support during flexion and extension of the back in addition to the
rotational forces created at the hip due to hindlimb recruitment.

Exercise Prescriptions for Paraspinal Core Muscle Strengthening
Dogs
The term, core body muscles, has been adopted as a synonym for paraspinal
muscles in canine and human literature. Core body muscles are reported to be essential
for spine and limb coordinated movements (Zink and Van Dyke, 2013a). Core muscle
strengthening exercises are currently recommended for canine athletes to help prevent
and treat injuries. However, these exercise prescriptions often lack scientifically
supported research and it is imperative to confirm the effectiveness of core muscle
strengthening exercises in working dogs.
In 2014, a thesis was electronically published which discussed the relationship
between lumbar paraspinal muscles for MWDs with and without lumbosacral pain before
and after core conditioning exercises (Henderson, 2014). Eight MWDs with and 8
without lumbosacral pain were included in the study, with 4 male and 4 females in each
group. Computed tomography was used at L5, L6, and L7 caudal endplates to measure
vertebral bodies and the following paraspinal muscle transverse sectional areas: ML, LL,
QL, GM, and IP/PS. Computed tomography measurements were recorded twice by two
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blinded, trained observers before and after an 8 week exercise program. Spinal
positioning during CT scans was standardized with 145 degrees used to designate hip
extension and 50 degrees used to designate hip flexion. The researcher did not indicate
whether flexed, extended, or both positions were used for muscle measurements. Four
dogs with lumbosacral pain completed a standardized core stabilization exercise program
while the other 4 dogs with lumbosacral pain rested. The exercise program consisted of
isometric and light conditioning, controlled concentric and eccentric exercises, dynamic
mobilization and moderate conditioning, as well as strength/endurance training. Dogs
without lumbosacral pain did not participate in the exercise program. After the training
program, ML transverse sectional areas were significantly greater than initial areas for
dogs with lumbosacral pain. Lumbosacral pain assessments before and after the
experiment did not significantly differ for either group (exercised and not exercised).
These results indicated that while lumbosacral pain improved, the difference was not
significant. A point to consider regarding this research is that it is from a thesis published
electronically online and did not undergo a scientific peer review. Additionally, only
dogs with lumbosacral pain participated in the exercise program. If healthy dogs had
participated in the exercise program then results could be compared between both groups
pre and post exercise. However, these findings are the first to support the theory that
targeted exercise therapy is effective for increasing paraspinal muscle size in canines.

26

Horses
In 2010, the effects of dynamic mobilization exercises in cervical flexion on
intervertebral angulations were reported (Clayton et al., 2010). Eight Arabian horses that
showed no signs of neck or back pain and had lameness grades less than 1 on a 5 point
lameness scale were selected for study inclusion. Each horse completed 3 baited,
dynamic mobilization exercises with 34 reflective markers taped to their skin at various
locations along the spinal column. Kinematic data were collected using an automated
motion analysis system with each horse first in a neutral position then in the 3 flexion
exercises in random order for 5 trials per exercise. While segment angles differed
significantly between the 3 flexed positions and the neutral position for all cervical
vertebrae segments, the lumbar angles did not differ significantly between positions.
These findings indicated that dynamic mobilization exercises are effective in creating a
physiological change along the vertebral column.
Through another study targeting ML transverse sectional area and right-left
symmetry in the same 8 Arabian horses, it was determined that dynamic mobilization
exercises were effective in hypertrophy of the ML after a 3 month period (Clayton et al.,
2010; Stubbs et al., 2011). Baited stretches were used to establish 3 cervical flexion, 1
cervical extension, and 3 cervical left and right lateral bending exercises for a total of 10
mobilizations, 5 times a day for 5 days a week for the 3 month timeframe. Transverse
ultrasound images of the ML were obtained at T10, T12, T14, T16, T18, and L5 and used
to measure transverse muscle areas at the start and end of the study. Unfortunately, there
was no control group to determine the effectiveness of dynamic mobilization exercises
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for increasing muscle transverse sectional area compared to sedentary horses. The results
of this study indicated that dynamic mobilization exercises increased ML transverse
sectional areas and right-left symmetry at all 6 vertebral locations. The researchers
concluded that these exercises are effective in activating deep spinal stabilizer muscles
but only one such muscle was measured.
A successive study, published in the following year, also made use of the same 8
Arabian horses (Clayton et al., 2012). Skin-fixed markers were used in conjunction with
a motion analysis system to determine differences in intersegmental bending angles at the
cervical, thoracic, and lumbar portions of the vertebral column (C1-C6, T6, T8, T10, T16,
L2, L6, S2, S4). Measurements were recorded with horses in a neutral position and 3
lateral bending positions to the left and right sides. In all 3 mobilization exercises
asymmetries were recorded at the lumbosacral junction. More lateral bending to the right
at L5 and to the left at S2 was observed. These findings indicate that there may be an
inherent “sideness” pattern, with the lumbosacral joints contributing more to bending to
the left and the lumbar intervertebral joints between L3 to L4 contributing more to
bending to the right.
A similar study was conducted on 9 cross-bred therapy horses which determined
that gymnastic training and dynamic mobilization exercises improved stride quality and
ML hypertrophy after a 3 month period (de Oliveira et al., 2015). Horses were included
if they had no signs of lameness or musculoskeletal lesions, had been used for
hippotherapy sessions for at least 3 years, and were worked regularly. The horses were
randomly assigned to 3 treatment groups: sedentary (SED), dynamic mobilization
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(DME), and gymnastic training exercise (GYM). The dynamic mobilization group
conducted 10 mobilization baited stretches as described above (Stubbs et al., 2011). The
gymnastic training group conducted the 10 mobilization baited stretches in addition to 4
other exercises: pelvic tilting, backing up, walking around tight turns, and stepping over
obstacles. Ultrasound measurements of the thickness of longissimus dorsi (LD) at the
last two ribs and transverse sectional area of ML at L5 were recorded at the start and end
of the study. While LL/IC thickness did not change significantly between initial and final
evaluations across treatment groups, ML transverse areas increased significantly in both
groups that performed dynamic mobilization exercises. Additionally, stride length was
significantly longer in the GYM group versus the SED and DME groups. In this study,
there was a control group (SED) and two different epaxial muscles were measured.
However, there was no treatment group dedicated to just performing gymnastic training
exercises because the GYM group conducted both DME and GYM exercises. This study
was conducted over a 3 month period with measurements taken at the beginning and end.
More frequent parameter testing is recommended for the duration of the experiments
because significant changes in muscle area and thickness could be observed prior to 3
months of exercise.
The aforementioned published findings support the theory that targeted exercise
therapies result in deep spinal stabilizer hypertrophy and added spinal stability in horses
(Clayton et al., 2010; Stubbs et al., 2011; Clayton et al., 2012; de Oliveira et al., 2015).
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Humans
In 2001, the effects of 3 different training schedules on the transverse sectional
areas of the ML muscle in patients with chronic lower back pain were determined
(Danneels et al., 2001). Fifty-nine patients with chronic lower back pain were randomly
assigned to 1 of 3 training schedules: stabilization, stabilization combined with dynamic
or dynamic-static resistance training. A blinded radiologist acquired CT images at the
superior endplate of L3 and the superior and inferior endplates of L4 before and after 10
weeks of training. Stabilization training was the basis for all 3 training schedules as it
encompassed daily living activities that were intended to activate the ML and enhance
dynamic stability. Transverse sectional areas of the ML muscle with fat was determined,
then a computer software segmentation technique was employed to remove bone and fat
deposits. Stabilization training in conjunction with dynamic-static resistance training had
a significant effect on the size of the ML muscle while the other 2 training groups did not.
These findings indicate that stabilizing training combined with dynamic-static training
are the most effective in reversing ML atrophy in patients with lower back pain. Whether
these size changes also improved patient function was not reported.

Computed Tomographic Measurement Method for Lumbosacral Paraspinal Muscles
Dogs
Computed tomography has recently been established as a feasible technique for
measuring transverse area ratios of the lumbosacral region paraspinal muscles in MWDs
(Cain et al., 2016). Sixteen Belgian Malinois were subdivided into those with and
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without lumbosacral pain based on available medical records. Then a single trained and
blinded observer performed triplicate measurements of CT transverse areas of the ML,
SCDM, SCDL, LL/IC, QL, and IP/PS along with vertebral bodies at L5-S1. Transverse
area ratios were calculated as the average of the left and right muscle area measurements
divided by the average vertebral endplate area measurements. Eleven dogs were
determined to have lumbosacral pain while 5 were assigned to the lumbosacral pain
negative group, and one dog was excluded from analysis due to incomplete scans at L7S1. The following muscles significantly differed between the 2 groups: IP/PS (at L5-L6
and L6-L7), ML (at L6-L7), and SCDL (at L6-L7 and L7-S1). The LL/IC and QL
muscles had no significant differences between the 2 groups. The study provides
evidence to support the idea that CT measurements are a viable way of measuring
transverse paraspinal muscle area ratios in dogs. However, significant differences
between the lumbosacral pain positive and negative groups were only seen in a few
muscles at specific locations along the vertebral column. Also, the effects of other coexisting conditions were not tested. As such, the relationship between paraspinal muscle
area ratios in the lumbosacral region for dogs with and without lumbosacral pain should
be further explored.

Humans
In an article published in the European Spine Journal in 2000, the relationship
between chronic low back pain and transverse sectional areas of muscle and fat was
determined through use of CT images (Danneels et al., 2000). Thirty-two patients with
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chronic low back pain and 23 normal active volunteers had CT scans at the superior
endplate of L3 in addition to the superior and inferior endplates of L4. The researchers
analyzed the paraspinal muscles (ML and LL/IC) in their entirety and then the isolated
ML and IP/PS muscles. The CT scans were taken while participants were prone with
hips in a neutral position. A physical therapist ensured that the back muscles were in a
relaxed state and a pillow was used to minimize lordosis. For the paraspinal muscles (not
isolated), first transverse sectional areas of muscles with fat were found, then a computer
software threshold technique was used to eliminate bone and fat deposits in order to
ascertain muscle without clearly visible fat. Low-fat muscle tissue was also determined
by enlarging the contrast and removing the residual fat through a histographic method.
Range and maximum threshold were not provided. Next, ML and IP/PS were isolated
and both muscle without clearly visible fat and low-fat muscle were determined using the
threshold and histographic technique previously described. Significant differences were
found for the ML and IP/PS muscles at the inferior endplate of L4, with chronic lower
back pain patients having smaller transverse sectional areas. The authors postulated that
selective training of the stabilizing muscle system could be useful in prevention and
treatment of chronic back pain.
A reliability study was conducted in 2003 to estimate CT measurement errors of
transverse sectional area and density of paraspinal muscles (Keller et al., 2003). Thirtyone patients with chronic low back pain were included in the study (18 men and 13
women). Two scans were performed for each patient at the disc spaces at Th12-L1, L3L4, and L4-L5. However, 3 patients had undergone lumbar instrumental fusion resulting
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in the loss of 3 scans at L4-L5 for this study. An experienced radiologist measured the
CT area of erector spinae, which was comprised of the LL/IC and ML muscles. It was
determined that the reliability of CT scanning for measuring the transverse sectional area
and density of paraspinal muscles was acceptable. However, only intraobserver
reliability was studied and the results could differ if an additional radiologist was
consulted.
Computed tomography transverse sectional area changes of paraspinal muscles in
36 patients with chronic low back pain and 34 healthy control volunteers were
determined in Turkey (Kamaz et al., 2007). Scans were obtained at the superior and
inferior plates of L4 while participants lay prone with their hips in a neutral position. A
blinded, expert radiologist measured the transverse areas of paraspinal (ML and LL/IC)
and isolated ML, IP/PS, QL, and GM muscles. At the superior plate of L4, ML, IP/PS,
and QL muscle area measurements were significantly lower in patients than in the control
group. At the inferior plate of L4, ML and paraspinal muscle area measurements were
significantly lower in patients than in the control group. Between the 2 groups, IP/PS and
QL muscle area at the inferior plate of L4 was not significantly different. Gluteus muscle
area had no significant difference at either location between the groups. These findings
indicate that chronic low back pain resulted in atrophy of paraspinal muscles as
evidenced through significant differences in transverse sectional areas measured through
CT.
In 2011, a study was conducted to determine the reliability of CT and MRI in
measuring the functional transverse sectional areas of paraspinal muscles (Hu et al.,
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2011). Twenty-nine patients with lower back pain (12 men and 17 women) were given a
CT and MRI scan, with order of scan randomized. Transverse areas of erector spinae
(which was comprised of the LL/IC) and the ML muscles were measured at L3-L4, L4L5, and L5-S1 by 2 radiologists and 1 spine surgeon. Due to lordosis at L5-S1, erector
spinae measurements at this location were omitted from analysis. Measurements for lean
muscle functional transverse sectional areas were determined by tracing the muscles and
avoiding fat, bony structures, and soft tissue. It is unknown why use of an elimination
technique was not employed to ensure omission of non-muscle content. This technique
was repeated by the 3 experts after 3 weeks. The researchers found that CT and MRI
measurements of the functional transverse sectional areas of the lumbar paraspinal
muscles were acceptable. Magnetic resonance imaging reliability results were slightly
better than CT but actual accuracy of each scanning technique is unknown as there was
no reference standard such as anatomic slices.

Intervertebral Foramina
Anatomy of Canine Intervertebral Foramina
Definitions for this section were from standard veterinary anatomic texts and
current published literature (Dyce et al., 1987; Dyce et al., 2002; Evans and de Lahunta,
2013). Terms from the 3rd edition of “Miller’s Anatomy of the Dog” were used if
discrepancies between texts were detected.
The vertebral column spans from skull to tail and is subdivided into five groups:
cervical, thoracic, lumbar, sacral and caudal (also known as coccygeal) (Dyce et al.,
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1987; Dyce et al., 2002; Evans and de Lahunta, 2013). Dogs possess 7 lumbar vertebrae
and humans possess 5. Caudal to the lumbar vertebrae is the sacrum which is the fused
product of 3 sacral vertebral bodies and processes. Vertebrae function to protect the
spinal cord and spinal nerve roots, provide attachment for muscles, and aid in postural
support. Each vertebra has a vertebral body in addition to vertebral arch which is made
up of 2 pedicles and 2 laminae along with processes for attachment. Spinal nerves, veins,
and arteries pass through pedicle notches between adjacent vertebrae known as
intervertebral foramina. The spinous process protrudes middorsally from the vertebral
arch while the transverse process is located on either side of the spinous process where
the pedicle meets the vertebral body. Conversely, articular processes are present at the
junction of pedicle and lamina on both the cranial and caudal sides of a vertebrae.
Intervertebral discs made up of a nucleus pulposus interior and annulus fibrosus exterior
can be found between adjacent vertebrae. The spinal cord is surrounded by 3 protective
meninges identified from outermost to innermost as dura mater, arachnoid, and pia mater
which make up the thecal sac. Dorsal roots function in conveying sensory input to the
spinal cord while ventral roots convey motor output to muscles and glands. Sensory
neuron cell bodies are housed within spinal ganglion along each dorsal root.
Intervertebral foramina have 3 functional regions made up of the entrance, middle, and
exit zones (Higgins et al., 2011). The entrance zone is closest to the vertebral canal at the
medial portion of a vertebral pedicle and is nearest to the spinal ganglion. The middle
zone is at the middle or center of the pedicle while the exit zone is at the most lateral
portion of the pedicle.
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Clinical signs for lumbosacral disease can include pain upon palpation, abnormal
gait, weakness in the hindquarters, reluctance or inability to jump, stand, or exercise
(Jones et al., 2008; Zindl et al., 2017). Dogs most commonly impacted by DLS are
active, working dogs primarily of large breeds (Worth et al., 2009). Foraminal stenosis
has been proposed to be a cause of intermittent claudication in dogs and humans (Worth
et al., 2009). This term refers to the onset of pain and weakness after exercise. Lumbar
spinal stenosis refers to the narrowing of the spine which results in the subsequent
impingement of spinal nerves, arteries, and veins. It has been established that flexion and
extension of the lumbar spine results in greater and less intervertebral foraminal area
respectively.

Canine Positional Foraminal Stenosis
Over the past 20 years, literature on canine positional foraminal stenosis has
advanced through a combination of new measurement techniques and standardized
positioning. Lumbosacral angle measurements in flexion and extension positions have
been published as a method for estimating lumbosacral range of motion in dogs
(Reynolds et al., 2014; Wachs et al., 2016). However, angle measurement and patient
positioning methods have differed among published studies.
Using CT, the effects of body position on L7-S1 intervertebral foraminal area and
lumbosacral angle were determined in 2008 (Jones et al., 2008). Data for the study were
collected from archived tapes at the Virginia-Maryland Regional College of Veterinary
Medicine. Dogs included in the study had breed, body weight, sex, age, and status of
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lumbosacral pain recorded. The same procedure for CT scan and positioning were used.
Unfortunately, due to the archived nature of the data, CT scanner machine types were
inconsistent as well as persons positioning the dogs. Scans were acquired at 2 mm slice
thickness and 1 to 2 mm spacing with dogs in a standardized dorsal recumbency
maximally flexed then maximally extended position. Eighty-six dogs with at least 1
clinical sign of lumbosacral disease were included in the study. Images were viewed by a
single blinded observer in a step Window with a threshold of 210 HU. Percent change in
foraminal area between flexion and extension was determined at L7-S1 in addition to
percent change in lumbosacral angle. A linear relationship was identified between
percent change in lumbosacral angle and percent change in foraminal area. No significant
differences were identified for right versus left foraminal areas. Foraminal entrance zone
areas were significantly smaller in spinal extension versus spinal flexion. Lumbosacral
angles were also significantly smaller in spinal extension versus spinal flexion. A
significant correlation was found between percent positional change in foraminal
entrance zone area and clinical signs of lower back pain and hindlimb lameness. The
technique used to measure foraminal area required the establishment of a true transverse
along the vertebral column, a true sagittal plane, and then parasagittal cuts along the
entrance zones of the intervertebral foramina at L7-S1. The primary problem with this
method is the oblique cylindrical nature of the intervertebral foramina. The parasagittal
cuts therefore were not truly perpendicular to the longitudinal axes of the foramina. Also,
the researchers did not include a control group, sampled dogs of varying breeds, and did
not measure foraminal areas for middle and exit zones or at locations other than L7-S1.

37

Three years later, researchers from Liverpool developed and evaluated a new
technique to address the oblique cylindrical shape of the intervertebral foramina in canine
cadavers (Higgins et al., 2011). Twelve dogs with no clinical signs of lumbosacral
disease were euthanized and chilled immediately. The cadavers were then placed in
dorsal recumbency and CT scans were performed. The images acquired were viewed on
a Bone Window setting with Window level 700 HU and Window width 4,000 HU. The
L7-S1 angle was determined with the lumbosacral junction in flexion and extension
positions. Cadavers were transected then the spinal cord and soft tissues of the
lumbosacral intervertebral foramina were removed. Next, each cadaver was positioned
with half the lumbosacral junction in extension and the other half in flexion (left and right
sides were randomly selected). The foramina were then filled with plastic material to
optimize visibility of the foramen in subsequent CT images. Scans were acquired in
sagittal, dorsal, and transverse planes. Vertebral body length of L7 was measured.
Double, transverse, and sagittal oblique as well as parasagittal images were used by 2
observers to record lumbosacral intervertebral foraminal areas in triplicate at all 3 zones.
Oblique measurement planes were determined by arranging CT slices perpendicular to
the transverse and dorsal plane angles. Measurements were obtained in standard sagittal
as well as sagittal oblique images. There were significant differences between the 2
observers for mean foraminal area measurements using standard sagittal images. The
standard sagittal images had larger foraminal areas compared to the oblique images. The
entrance zone foraminal areas were larger than middle and exit zone measurements using
both methods. Cadaver dogs provided researchers the ability to physically measure the
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inter-vertebral foraminal area and compare those results to CT scan measurements to
establish the significance of interobserver measure variability. Spinal positioning was
standardized by use of a protractor and clamps. Realistic range of motion of the cadaver
dogs should be questioned due to the onset of rigor mortis. Additionally, their small
sample size limited the strength of their study. The researchers randomly selected which
side of the sagittal plane would be designated for flexion or extension and did not provide
left and right measurements in both positions for a given cadaver. Also, researchers used
a different technique for measuring lumbosacral angle than the one described in the
previous study.
Three years later, another canine cadaver study described effects of neutral
positioning in addition to flexion and extension on canine lumbosacral intervertebral
foraminal areas using MRI (Reynolds et al., 2014). It was hypothesized that medium
sized dogs without lumbosacral disease would have a decrease in foraminal area and ratio
in extension and an increase in flexion compared to neutral positioning. Ten cadavers of
medium size had their spines transected at the last thoracic vertebrae then placed in room
temperature. Next transverse, sagittal, and dorsal planar MRI scans were acquired with
the transected spines placed in neutral, flexed, and extended positions. Lumbosacral
foraminal areas were recorded using the parasagittal (also known as standard) technique
by a single observer in triplicate for both the left and right sides. The foraminal area ratio
was determined using the cranial caudal distance and dorsoventral distance referred to as
Cr-Cd:DV. Lumbosacral angle measurements were based on the dorsal margins of the
L7 and sacral vertebral bodies in the sagittal plane and were performed using a different
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technique than either described above. The lumbosacral angle measurements were based
on the intersection of 2 separate lines made parallel to L7 and S1. The lines extended
past L7 and S1 vertebral bodies which is different than the 2 previously discussed
techniques. The researchers determined that body weight is independent of foraminal
ratio but not foraminal area. Lumbosacral angle significantly differed between the 3
positions with the greatest angle appearing in flexion, the next largest in neutral, and the
smallest in extension. The researchers speculated that the lack of independence between
foraminal area and body weight could be attributed to small sample size and low
variability between each dog’s size. Interobserver repeatability was not determined
through this study as there was only 1 person making measurements. The accuracy of the
lumbosacral angle and subsequent range of motion found in this study should be
questioned due to the use of transected cadavers. Additionally, researchers did not
specify which foraminal zone or zones were measured.
Most recently in 2017, researchers used MRI to evaluate standard (parasagittal)
and oblique parasagittal intervertebral foraminal area measurement techniques in a group
of live dogs with lumbosacral disease (Zindl et al., 2017). The researchers elected to use
MRI with dogs in neutral and hyperextended positions as opposed to the previously
mentioned studies which had used flexion and extension or both positions combined with
the neutral position. Thirty dogs with lumbosacral disease were examined using MRI in
first a neutral then hyperextended position. A single trained investigator measured
foraminal areas in triplicate for the entry, middle, and exit zones on left and right sides of
each dog in both positions. There was no significant difference between left and right
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foraminal area. Hyperextended positioning resulted in significantly smaller foraminal
areas when compared to the neutral position. Use of the standard technique resulted in
significantly larger foraminal areas versus the oblique method. All dogs included in the
study exhibited signs of lumbosacral disease with no clinically normal dogs to compare
against.
Another article published in 2017 used CT to evaluate the effect of lumbosacral
range of motion on intervertebral foramina using a novel technique (Worth et al., 2017).
Twenty-four German shepherd working police dogs (half with and half without DLS)
were compared to 10 racing Greyhounds without DLS. Researchers did not specify
whether they defined DLS as narrowing of the spinal canal, intervertebral foramina, or
both for selecting dogs. They did however indicate that dogs designated as negative for
DLS had no history of pain or dysfunction, and did not possess neurologic or orthopedic
abnormalities. Each dog was placed in neutral, flexed, and extended positions for CT
scans. Researchers developed their own technique for measuring the volume of
intervertebral foramina which included the entrance, middle, and exit zones. A tissue
segmentation protocol was used to distinguish soft tissue structures; then a 5 mm marker
was placed on the pedicle. Next, an inclusion software tool was used to determine the
intervertebral foraminal volume. Each foramen was measured 5 times for each dog in the
3 positions. Lumbosacral angle was also determined based on the dorsal limits of the L7
vertebral body and sacral body. The measurement technique was the same as the 2014
publication which used intersections of 2 separate lines (Reynolds et al., 2014). Vertebral
body endplates were also measured to compare foraminal volume to dog size.
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Lumbosacral angle and intervertebral volume were applied to a quadratic regression
model. When dogs were moved from flexion to extension, the mean foraminal volume
was reduced by 74, 79, and 85% for the Greyhounds, German shepherds without DLS,
and with, respectively. In the neutral and extended positions lumbosacral stenosis
positive dogs had a significantly smaller volume than the clinically normal groups. The
lumbosacral intervertebral foramina were most narrow during extension and there was
high intraobserver repeatability. However, the interobserver repeatability was not tested
and how this technique compares to the 2 previously discussed intervertebral foraminal
area measurement methods also remains unknown. A comparison between this new
volumetric technique through CT and the actual anatomical volume of the intervertebral
foramina also remains unknown.

Knowledge Gaps Identified from the Literature Review
The anatomy of the canine lumbosacral region and clinical problems associated
with canine DLS have been established. Spinal instability has been identified as one of
the features of canine DLS. However, mechanisms and optimal management strategies
are not completely understood. An inability or reluctance to perform working tasks that
require lumbosacral hyperextension has been reported as one of the clinical signs of DLS
in MWDs. Positional stenosis of L7-S1 intervertebral foramina has been correlated with
lower back pain and hindlimb lameness in dogs with lumbosacral disease and proposed to
be a characteristic of spinal instability. Paraspinal muscles are known to play a role in
stabilizing the canine spine. Paraspinal (core) muscle strengthening exercises have been
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developed for humans, horses, and dogs. Effects of core muscle strengthening exercises
on paraspinal muscle sizes have been established in humans and horses. Core muscle
strengthening exercises are increasingly being applied as methods for managing
lumbosacral disease in MWDs, however evidence-based studies are currently lacking.
Methods for identifying canine paraspinal muscles, measuring canine paraspinal muscles,
measuring positional changes in L7-S1 intervertebral foramina, and measuring L7-S1
angles have been published. However, methods and research findings have been
discordant among these publications. To the authors’ knowledge, no published studies
have compared paraspinal muscle sizes to positional changes in foraminal area in dogs.
No published studies have measured positional changes in intervertebral foramina at
locations other than L7-S1 in dogs.

CHAPTER 2. METHODS
Research Design and Dogs Sampled
A retrospective cross-sectional study was conducted. Inclusion criteria for the
current study were military working Labrador Retrievers that had been used in a
previous, prospective, research study (Mukherjee et al., 2015) . The previous study had
sampled a total of 40 dogs based on a power analysis. For the current study, a total of 39
dogs were sampled. One dog from the previous study was excluded because both flexion
and extension CT scans were not available. Decisions for dog inclusion and exclusion
were based on a consensus of two observers, one of whom was a board-certified
veterinary radiologist.
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As part of the inclusion criteria for the current study, all CT scans of the
lumbosacral region had been performed at the Holland Military Working Dog Hospital
located at Lackland Air Force Base in San Antonio, Texas during the period of July 10,
2013 to July 17, 2013. All dogs had been housed at the base during the study period,
aged 1-5 years, were pure-bred Labrador Retrievers, and had no clinical signs of disease
that would be a contraindication for sedation and CT scanning. A standardized scanning
protocol had been performed under the supervision of the same veterinary technician and
board certified radiologist (Lightspeed CT scanner, GE Medical Systems, Pewaukee,
WI). The technologist had been provided with a positioning protocol document and
photographs illustrating extended and flexed positioning. Dogs had been placed in dorsal
recumbency and maintained using a positioning trough placed underneath the head,
shoulders, and cranial thorax. For the extended scan, the hip, stifle, and tarsal joints were
maintained in a maximally extended position using tape and velcro straps (Figure
11). For the flexed position CT scan, the hip, stifle, and tarsal joints were maintained in a
maximally flexed position using tape and velcro straps (Figure 12).
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Figure 11. Technique for extended lumbosacral positioning. Photo courtesy of Dr. Jeryl
Jones.

Figure 12. Technique for flexed lumbosacral positioning. Photo courtesy of Dr. Jeryl
Jones.
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Data Recording
All measurements were performed by a single observer (KR), using the same workstation
(Macintosh HD, OS X Yosemite Version 10.10.12, Apple Inc., Cupertino, California)
and image analysis software (OsiriX Lite 7.0.1, Bernex, Switzerland).

Vertebral Body and Paraspinal Muscle Area Measurements
Each dog’s CT scan was selected from the image analysis software’s database and
a position (flexion or extension) randomly chosen using a coin toss. The 0.625 mm
studies for each dog and each position were loaded into the image analysis software’s
three-dimensional multi-planar reformatting (3D MPR) program and slice thickness was
converted to 5 mm using the software’s “thick slab” tool. Vertebral endplate location
was determined based primarily on the dorsal planar view to ensure true lines of cut
centered on the vertebral column. Minor adjustments were made using the transverse
planar view to ensure that crosshairs were perpendicular to the endplate and that the slice
closest to the pedicles (where endplate is the most defined) was used. Endplate area was
measured in triplicate at each location of interest (L5-L6, L6-L7, and L7-S1) with an
attempt to minimize inclusion of bone proliferations. Endplate area was determined using
Bone Window display settings (1500 WW, 300WL).
The software Window display function was adjusted to the Abdomen display
setting (350 WW, 40 WL) for muscle measurements after the endplate areas were
determined. The exact location of scan slice along the vertebrae was consistent for
endplate area and muscle measurements. A coin toss was used to randomly decide which
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side (left or right) would be measured first. Transverse muscle and vertebral body area
measurements were recorded at L5-L6, L6-L7, and L7-S1 using a previously described
method (Cain et al., 2016). A coin toss randomly determined clockwise or
counterclockwise measurement order about the vertebral column. The following muscles
were measured: iliopsoas/psoas (IP/PS), quadratus lumborum (QL), gluteus medius
(GM), longissimus lumborum/iliocostalis (LL/IC), sacrocaudalis dorsalis medialis
(SCDM), sacrocaudalis dorsalis lateralis (SCDL), and multifidus lumborum (ML) (Table
1; Cain et al., 2016).
Muscle areas were measured in triplicate rotating clockwise or counterclockwise
around the spine depending on which side was randomly selected. Muscle boundaries
were determined through use of fat deposition around and between muscle groups,
consultation with a veterinary anatomist, and referencing previous abstracts in addition to
current published literature (Cain et al., 2016). After all muscle measurements were
completed for one position, measurements were repeated for the next position.

Intervertebral Foraminal Area Measurements
Initially intervertebral foramina were to be measured at all 3 zones (entrance,
middle, and exit) at all 3 vertebral locations (L5-L6, L6-L7, L7-S1) for both the standard
and oblique measurement techniques. However, pilot study measurements revealed that
portions of the bony boundaries were not consistently visible for middle and exit zones of
L5-L6 and L6-L7 foramina using the standard technique when compared to the
corresponding entrance zones (Figure 13).
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Figure 13. Standard parasagittal CT images illustrating poor visualization of bony
boundaries using the standard method at L5-L6 and L6-L7 exit zones. L5-L6 (first row)
and L6-L7 (second row) intervertebral foraminal area exit (left) and entrance (right)
zones.

A.

B.

C.

D.

Based on the pilot study findings, entrance zone foraminal areas were only
measured at L5-L6, L6-L7, and L7-S1 using the standard technique (Jones et al., 2008)
and the oblique planar technique (Higgins et al., 2011) for each dog in flexion and
extension for both sides of the body (right and left). Side and position were randomly
selected using a coin toss.
After a dog was selected from the database, scans acquired using 0.625 mm slice
thickness were selected. Images were displayed in the software’s Bone Window setting
(1500 WW, 300WL) and loaded into a three-dimensional multiplanar reformatting (3D
MPR) program. Measurements were first performed using the standard parasagittal
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technique (Jones et al., 2008). For this technique, the electronic cursor crosshairs were
first positioned within the center of the spinal canal in the dorsal planar view. Minor
adjustments to the cursor position were made using transverse planar view to ensure that
pedicles were symmetrical and the spinous process was centered. The cursor was then
positioned in the entrance zone of the intervertebral foramen at the chosen side.
Intervertebral foraminal area was measured, in triplicate, by hand-tracing the foraminal
margins in the parasagittal view (Figure 14, 15, and 16). This operation was repeated for
each of the vertebral locations on the chosen side (L5-L6, L6-L7, and L7-S1). Zoom
settings were not standardized for each measurement and were adjusted as needed for the
best view for the observer. After all the foraminal areas were measured using the
standard parasagittal technique, foraminal area measurements were repeated using the
oblique parasagittal technique (Higgins et al., 2011). For this technique, the dorsal planar
view was adjusted so that the intervertebral foramina were visible. The electronic cursor
crosshairs were then adjusted to be centered in the intervertebral foramen and as
perpendicular to the long axis of the intervertebral foramen as possible. The electronic
cursor crosshairs were then adjusted in the transverse view to be centered in the
intervertebral foramen. The crosshairs were also adjusted to be as perpendicular as
possible to the long axis of the intervertebral foramen. The cursor was then moved to the
entrance zone and foraminal area was again measured in triplicate from the resulting
oblique parasagittal planar image (Figure 17, 18, and 19).
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Figure 14. Multiplanar, Bone Window CT images illustrating the standard parasagittal
method for measuring foraminal area entrance zone at L5-L6.
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Figure 15. Multiplanar, Bone Window CT images illustrating the standard parasagittal
method for measuring foraminal area entrance zone at L6-L7.

51

Figure 16. Multiplanar, Bone Window CT images illustrating the standard parasagittal
method for measuring foraminal area entrance zone at L7-S1.
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Figure 17. Multiplanar, Bone Window CT images illustrating the oblique parasagittal
method for measuring foraminal area entrance zone at L5-L6.
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Figure 18. Multiplanar, Bone Window CT images illustrating the oblique parasagittal
method for measuring foraminal area entrance zone at L6-L7.
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Figure 19. Multiplanar, Bone Window CT images illustrating the oblique parasagittal
method for measuring foraminal area entrance zone at L7-S1.
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Lumbosacral Angle Measurements
All measurements were performed by a single observer (SS), using the same
workstation (Macintosh HD, OS X Yosemite Version 10.10.12, Apple Inc., Cupertino,
California) and image analysis software (OsiriX Lite 7.0.1) as that used for the previous
measurements. A random number generator (random.org) was used to determine the
order in which CT scans were observed for each dog. A coin was flipped to determine
the position (flexion or extension) and the method (technique 1 or technique 2).
After the dog, position, and method were determined, scans acquired using 0.625
mm slice thickness were selected. Images were displayed in the software’s Bone
Window setting and loaded into a three-dimensional multiplanar reformatting (3D MPR)
program with mode changed to variable (MIP) with the lowest number setting. The
midline was determined in parasagittal view.
Lumbosacral angle measurements were made using 2 different techniques. To
create lumbosacral angles an electronic cursor was used to place markers on bony
landmarks. For technique 1, the markers were placed at the following locations: the
cranial end of the L7 vertebral body, at the caudal end of the L7 vertebral body, and at the
caudal end of the S1 vertebral body (Figure 20). The procedure for each angle was
performed in triplicate for both flexion and extension. For the second method, the marker
was placed at the cranial end of the L7 vertebral column, the cranial end of the S1
vertebral column, and the caudal end of the S1 vertebral column (Figure 21). The method
was performed in triplicate for each angle in both flexion and extension.
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Figure 20. Technique 1 for lumbosacral angle in extension (left) and flexion (right). The
fulcrum for the angle is placed on the dorsal margin of the caudal L7 endplate.

Figure 21. Technique 2 for lumbosacral angle in extension (left) and flexion (right). The
fulcrum for the angle is placed on the dorsal margin of the cranial S1 endplate.
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Data Analysis
All statistical analyses were conducted using commercially available software (JMP Pro
12, SAS, Cary, North Carolina and Excel 2013, Microsoft, Redmond, Washington). Tests were
selected and performed in consultation with a statistician. A significance level of 0.05 was used
for all tests of significance.

Positioning and Paraspinal Muscles
Descriptive statistics of mean ± SD (min, max) were determined for each muscle on both
sides at each vertebral location in both positions. Paraspinal transverse muscle area ratios for
each side were determined using the following formulae (Henderson et al., 2015; Cain et al.,
2016):
Right transverse area ratio = [(triplicate average of right muscle area measurements/
triplicate average of vertebral endplate area measurements)]
Left transverse area ratio = [(triplicate average of left muscle area measurements/
triplicate average of vertebral endplate area measurements)]
A 3 factor mixed model was considered with location (L5-L6, L6-L7, and L7-S1), side
(left and right), and position (flexion and extension) as fixed factors to determine the significant
difference for muscle area ratios, with dog identification as a random effect. Interaction plots
were referenced when interactions were indicated.

Positioning and Intervertebral Foramina
Intervertebral foraminal percent changes were calculated using the following formula for
both measurement techniques (Jones et al., 2008):
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Foraminal percent change = | [(Average foraminal area in flexion – average foraminal
area in extension)/ foraminal area during flexion] | X 100
Descriptive statistics of mean ± SD (min, max) were determined for each technique on
both sides at each vertebral location. Matched pairs t-tests were conducted to evaluate
differences between the standard and oblique planar techniques for each location.

Positioning, Lumbosacral Angle, and Range of Motion
Intra-observer repeatability, also referred to as the relative coefficient of variation % or
CV, for triplicate measurements was calculated for each technique and each position using the
following formula (Cain et al., 2016):
CV = [ (standard deviation/mean) x 100% ]
Lumbosacral angle measurements for technique 1 and technique 2 in each of flexion and
extension positions were compared using matched pairs t-tests. Range of motion was calculated
for each technique and each position using the following formula:
ROM = Lumbosacral angle in flexion – lumbosacral angle in extension
A Shapiro-Wilk W Test confirmed a normal distribution for the difference in the
measures between technique 1 and technique 2. Then ranges of motion for technique 1 and 2 in
each flexion and extension positions were compared using matched pairs t-tests.
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Associations Between Paraspinal Muscle Area Ratios and Intervertebral Foraminal Area Change
Bivariate analyses were conducted to determine Pearson’s correlation coefficient for each
muscle area ratio and the absolute intervertebral foraminal area percent change using the
standard and oblique planar techniques.

CHAPTER 3. RESULTS
Data Analysis
Positioning and Paraspinal Muscles
Iliopsoas/psoas and SCDL were visible at all 3 vertebral locations (L5-L6, L6-L7, L7-S1)
(Table 2 and 3). Multifidus lumborum, QL, and LL/IC were visible at L5-L6 and L6-L7 (Table
4, 5, and 6). Gluteus medius and SCDM were visible at L7-S1 (Table 7 and 8).
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Table 2. Iliopsoas/psoas (IP/PS) mean area ratio ± SD (min, max) by vertebral
location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
1.67 ± 0.34
(1.04, 2.57)
Flexion
Right
1.68 ± 0.35
(0.94, 2.61)
L5-L6
Left
1.25 ± 0.22
(0.83, 1.83)
Extension
Right
1.25 ± 0.22
(0.80, 1.91)
Left
1.91 ± 0.26
(1.22, 2.82)
Flexion
Right
1.92 ± 0.26
(1.36, 2.90)
L6-L7
Left
1.30 ± 0.22
(0.88, 2.02)
Extension
Right
1.27 ± 0.19
(0.93, 2.02)
Left
1.72 ± 0.39
(0.78, 2.99)
Flexion
Right
1.72 ± 0.39
(0.73, 2.84)
L7-S1
Left
1.71 ± 0.30
(1.17. 2.59)
Extension
Right
1.69 ± 0.30
(1.17, 2.53)

Table 3. Sacrocaudalis dorsalis lateralis (SCDL) mean area ratio ± SD (min, max)
by vertebral location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
0.29 ± 0.10
(0.12, 0.54)
Flexion
Right
0.29 ± 0.10
(0.11, 0.49)
L5-L6
Left
0.34 ± 0.10
(0.11, 0.53)
Extension
Right
0.34 ± 0.12
(0.16, 0.56)
Left
0.43 ± 0.11
(0.23, 0.65)
Flexion
Right
0.45 ± 0.13
(0.26, 0.70)
L6-L7
Left
0.54 ± 0.11
(0.37, 0.78)
Extension
Right
0.55 ± 0.14
(0.36, 0.89)
Left
0.43 ± 0.16
(0.26, 1.17)
Flexion
Right
0.34 ± 0.10
(0.23, 1.13)
L7-S1
Left
0.56 ± 0.14
(0.35. 0.96)
Extension
Right
0.59 ± 0.14
(0.36, 0.94)
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Table 4. Multifidus lumborum (ML) mean area ratio ± SD (min, max) by
vertebral location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
0.83 ± 0.19
(0.46, 1.12)
Flexion
Right
0.82 ± 0.19
(0.45, 1.17)
L5-L6
Left
0.98 ± 0.19
(0.58, 1.42)
Extension
Right
1.00 ± 0.17
(0.70, 1.44)
Left
0.54 ± 0.13
(0.37, 1.02)
Flexion
Right
0.54 ± 0.11
(0.34, 0.83)
L6-L7
Left
0.67 ± 0.67
(0.41, 1.06)
Extension
Right
0.70 ± 0.14
(0.49, 1.11)
Left
NA
NA
Flexion
Right
NA
NA
L7-S1
Left
NA
NA
Extension
Right
NA
NA

NA= not available, muscle not visible at given location

Table 5. Quadratus lumborum (QL) mean area ratio ± SD (min, max) by vertebral
location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
0.25 ± 0.11
(0.09, 0.53)
Flexion
Right
0.25 ± 0.11
(0.07, 0.61)
L5-L6
Left
0.21 ± 0.08
(0.07, 0.43)
Extension
Right
0.20 ± 0.09
(0.09, 0.47)
Left
0.22 ± 0.06
(0.15, 0.45)
Flexion
Right
0.23 ± 0.08
(0.12, 0.45)
L6-L7
Left
0.20 ± 0.04
(0.11, 0.33)
Extension
Right
0.21 ± 0.05
(0.11, 0.32)
Left
NA
NA
Flexion
Right
NA
NA
L7-S1
Left
NA
NA
Extension
Right
NA
NA

NA= not available, muscle not visible at given location
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Table 6. Longissimus lumborum/iliocostalis (LL/IC) mean area ratio ± SD (min,
max) by vertebral location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
5.16 ± 0.75
(3.70, 6.86)
Flexion
Right
5.16 ± 0.75
(3.97, 6.99)
L5-L6
Left
5.11 ± 0.80
(3.51, 6.82)
Extension
Right
5.08 ± 0.83
(3.83, 6.79)
Left
2.65 ± 0.57
(1.46, 3.77)
Flexion
Right
2.68 ± 0.55
(1.37, 4.02)
L6-L7
Left
2.11 ± 0.66
(1.20, 3.84)
Extension
Right
2.13 ± 0.63
(1.05, 3.89)
Left
NA
NA
Flexion
Right
NA
NA
L7-S1
Left
NA
NA
Extension
Right
NA
NA

NA= not available, muscle not visible at given location

Table 7. Gluteus medius (GM) mean area ratio ± SD (min, max) by vertebral
location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
NA
NA
Flexion
Right
NA
NA
L5-L6
Left
NA
NA
Extension
Right
NA
NA
Left
NA
NA
Flexion
Right
NA
NA
L6-L7
Left
NA
NA
Extension
Right
NA
NA
Left
1.65 ± 0.54
(0.82, 3.17)
Flexion
Right
1.66 ± 0.58
(0.69, 3.67)
L7-S1
Left
3.49 ± 0.96
(1.64. 5.73)
Extension
Right
3.33 ± 0.91
(1.45, 5.52)

NA= not available, muscle not visible at given location
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Table 8. Sacrocaudalis dorsalis medialis (SCDM) mean area ratio ± SD (min,
max) by vertebral location, position, and side.
Location
Position
Side
Mean ± SD
(Min, Max)
Left
NA
NA
Flexion
Right
NA
NA
L5-L6
Left
NA
NA
Extension
Right
NA
NA
Left
NA
NA
Flexion
Right
NA
NA
L6-L7
Left
NA
NA
Extension
Right
NA
NA
Left
0.57 ± 0.14
(0.31, 0.86)
Flexion
Right
0.58 ± 0.16
(0.32, 0.91)
L7-S1
Left
0.83 ± 0.21
(0.50. 1.41)
Extension
Right
0.82 ± 0.23
(0.52, 1.42)

NA= not available, muscle not visible at given location

The three-way interaction between location, position, and side and the two-way
interactions between side and position, side and location, and location and position, were not
significant for ML. The main effects of position and vertebral location were significant for the
ML muscle area ratio (each p<0.0001; Table 9). Multifidus lumborum ratio significantly
differed between extension and flexion positions (F(1,266)=256.89, p<0.001) with extension
ratios greater than flexion ratios (0.84 +/- 0.02 and 0.68 +/- 0.02, respectively). Multifidus
lumborum ratio significantly differed by vertebral location (F(1,266)=933.61, p<0.001) with L5L6 greater than L6-L7 (0.91 +/- 0.02 and 0.61 +/- 0.02, respectively).
The three-way interaction between location, position, and side and the two-way
interactions between side and position, side and location, and location and position, were not
significant for QL. The main effects of position were significant for QL ratio between extension
and flexion positions (F(1,266)=17.42, p<0.001) with flexion ratios greater than extension (0.24
+/- 0.001 and 0.21 +/- 0.001).
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A significant two-way interaction was indicated between vertebral location and position
for LL/IC, indicating that the mean LL/IC ratio for location varied over the levels of position
(Table 9). Although the interaction was significant, the mean LL/IC ratio for L5-L6 was higher
than L6-L7 regardless of position (Figure 22). The main effects revealed that LL/IC ratio
significantly differed between extension and flexion positions (F(1,266)=34.98, p<0.001) with
flexion area greater than extension area (3.91 +/- 0.09 and 3.61 +/- 0.09 respectively). Mean
LL/IC ratio significantly differed between L5-L6 and L6-L7 vertebral locations
(F(1,266)=2796.38, p<0.001) with L5-L6 greater than L6-L7 (5.13 +/- 0.09 and 2.39 +/- 0.09
respectively).

Figure 22. Interaction plot for mean longissimus
lumborum/iliocostalis (LL/IC) ratio vs. position.
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A significant interaction was indicated between vertebral location and position for IP/PS
(Table 9 and Figure 23). Although the interaction is significant, the mean IP/PS ratio for L5-L6
was less than L6-L7and L7-S1 regardless of position (Figure 23). Mean IP/PS ratio significantly
differed between extension and flexion positions (F(1,418)=339.93, p<0.001) with flexion
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greater than extension (1.77 +/- 0.04 and 1.41 +/- 0.04, respectively). Mean IP/PS ratio
significantly differed between L5-L6, L6-L7, and L7-S1 vertebral locations (F(2,418)=54.29,
p<0.001) with L7-S1 greater than L6-L7 greater than L5-L6 (1.71 +/- 0.04 and 1.60 +/- 0.04 and
1.46 +/- 0.04, respectively).

Figure 23. Interaction plot for mean iliopsoas/psoas
(IP/PS) ratio vs. position.
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The two-way interaction between side and position was not significant for GM. The
main effect of position was significant for the GM muscle area ratio (p<0.001) (Table 9).
Mean GM ratio significantly differed between extension and flexion positions (F(114,
1)=938.78, p<0.001) with extension greater than extension (3.41 +/- 0.12 and 1.66 +/- 0.12
respectively).
A significant two-way interaction was indicated between vertebral location and position
for SCDL (p<0.0033; Table 9). Although the interaction was significant, the average SCDL
ratio for L5-L6 was less than L6-L7 and L7-S1 regardless of position (Figure 24). The main
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effects of position and vertebral location were significant for the SCDL muscle area ratio (each
p<0.0001; Table 9). Mean SCDL ratio significantly differed between extension and flexion
positions (F(1, 400.2)=109.92, p<0.001) with extension greater than flexion (0.49 +/- 0.01 and
0.39 +/- 0.01 respectively). Mean SCDL ratio significantly differed between L5-L6, L6-L7, and
L7-S1 vertebral locations (F(2, 401.8)=169.24, p<0.001) with L7-S1 greater than L6-L7 and L67 greater than L5-L6 (0.50 +/- 0.01, 0.50 +/- 0.01, 0.31 +/- 0.02, respectively).

Figure 24. Interaction plot for mean sacrocaudalis dorsalis
lateralis (SCDL) ratio vs. position.
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The two-way interaction between side and position were not significant for SCDM. The
main effects revealed mean SCDM ratio significantly differed between extension and flexion
positions (F(1,114=343.59, p<0.001) with extension greater than flexion (0.83 +/- 0.03 and 0.57
+/- 0.03, respectively).
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Table 9. Effect of location (L5-L6, L6-L7, and L7-S1), side (left and right), and position (flexion and extension) on mean
paraspinal muscle area ratios.
Effect

Interactions
Location

Side*
Position

Side*
Location

Location*
Position

IP/PS Ratio

339.93
(p<0.0001*)

0.05
54.29
(p=0.8255) (p<0.0001*)

0.40
(p=0.5256)

0.06
(p=0.9410)

83.07
(p<0.0001*)

Location*
Position*
Side
0.08
(p=0.9231)

LL/IC Ratio

34.98
(p<0.0001*)

0.01
2796.38
(p=0.9064) (p<0.0001*)

0.03
(p=0.8665)

0.10
(p=0.7576)

22.11
(p<0.0001*)

0.00
(p=0.9674)

256.89
(p<0.0001*)
109.92
(p<0.0001*)
17.42
(p<0.0001*)
938.78
(p<0.001*)
343.59
(p<0.0001*)

0.55
(p=0.4587)
1.079
(p=0.2995)
0.01
(p=0.9432)
1.68
(p=0.1969)
0.04
(p=0.8353)

1.85
(p=0.1751)
0.03
(p=0.8711)
0.00
(p=0.9702)
2.19
(p=0.1420)
0.42
(p=0.5207)

0.04
(p=0.8350)
0.42
(p=0.6602)
0.26
(p=0.6084)
NA

1.20
(p=0.2748)
5.81
(p=0.0033*)
1.73
(p=0.1889)
NA

0.02
(p=0.8845)
0.20
(p=0.8157)
0.12
(p=0.7273)
NA

NA

NA

NA

Muscle

ML Ratio
SCDL Ratio
QL Ratio
GM Ratio
SCDM Ratio

Position

Side

933.61
(p<0.0001*)
169.24
(p<0.0001*)
3.66
(p=0.0566)
NA
NA
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Positioning and Intervertebral Foramina
Absolute mean percent foraminal area change was greatest at L7-S1 for both
techniques (Table 10).
Table 10. Absolute mean percent foraminal area change ± SD (range) by
side, vertebral location, and measurement technique.
Technique
Location
Side
Mean ± SD
(Min, Max)
L5-L6
Left
10.26 ± 10.07
(0, 57)
Right
9.03 ± 5.79
(0, 23)
L6-L7
Left
8.18 ± 4.58
(1, 20)
Standard
Right
8.31 ± 6.38
(0, 28)
L7-S1
Left
32.44 ± 10.25
(0, 51)
Right
33.23 ± 12.04
(6, 57)
L5-L6
Left
10.33 ± 10.85
(0, 64)
Right
11.38 ± 6.73
(0, 26)
L6-L7
Left
11.33 ± 6.79
(0, 30)
Oblique
Right
13.49 ± 9.90
(0, 52)
L7-S1
Left
27.61 ± 13.9
(2, 54)
Right
27.03 ± 16.75
(2, 76)
The matched pairs t-test revealed that at L5-L6 the measurement techniques did
not significantly differ (Table 11). However, the techniques did significantly differ at
L6-L7 and L7-S1 with standard less than oblique, and standard greater than oblique,
respectively.
Table 11. Matched pairs t-test p-values for absolute mean percent
foraminal area change by technique and location.
Location
Technique
L5-L6
L6-L7
L7-S1
Standard
0.10
0.08
0.33
Oblique
0.11
0.12
0.27
0.12
<0.0001*
<0.0001*
p-values
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Positioning, Lumbosacral Angle, and Range of Motion
The relative coefficient of variation (intra-observer repeatability, CV) for all
triplicate lumbosacral angle CT area measurements averaged 0.44% (range 0.07-9.28%).
When calculated by technique, the average CV for triplicate measures was 0.40% (0.071.07%) for technique 1 and 0.49% (0.07-9.28%) for technique 2. The average CV for
triplicate measures for each position was 0.44% (0.07-9.28%) for flexion and 0.47%
(0.07-1.24%) for extension. The greater the precision in measurement technique the
smaller the coefficient of variation. As the average CV was below 1% for both
techniques, the observer’s measurements could be interpreted as very precise.
Average lumbosacral angle, standard deviation, as well as minimum and
maximum values for both technique 1 and technique 2 were recorded in flexion and
extension (Table 12 and Table 13). Mean lumbosacral angles were greater in flexion
than extension for both measurement techniques.
Table 12. Mean Lumbosacral Angle ± SD (min, max) in Flexion and
Extension for Technique 1.
Mean ± Std Dev
(Min, Max)
Extension
151.09 ± 5.72
(129.65, 172.53)
Flexion
167.97 ± 6.26
(143.24, 192.71)
Table 13. Mean Lumbosacral Angle ± SD (min, max) in Flexion and
Extension for Technique 2.
Mean ± Std Dev
(Min, Max)
Extension
149.06 ± 5.84
(119.61, 178.50)
Flexion
166.74 ± 6.57
(136.71,196.78)
The matched pairs t-tests indicated that the mean lumbosacral angle
measurements using technique 1 in flexion were 1.23 degrees greater than the mean
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lumbosacral angle measurements in technique 2 in extension and the difference between
the two techniques was significant (p=0.005). The mean lumbosacral angle
measurements using technique 1 in flexion were 2.03 degrees greater than the mean
lumbosacral angle measurements using technique 2 in extension, which was also
statistically significant (p<0.001).
The ROM matched pairs t-test revealed that average ROM for technique 1 was
16.89 degrees and for technique 2 was 17.69 degrees which was 0.80 degrees less than
technique 2 (the difference was not significant p=0.0604).

Associations Between Paraspinal Muscle Area Ratios and Percent Intervertebral
Foraminal Area Percent Change
The strength of the correlation between muscle area ratio and absolute percent
intervertebral foraminal area percent change reveals that the correlation is very weak for
all muscles and both measurement techniques (Table 14).
Table 14. Pearson’s correlation coefficients of muscle area
ratio for absolute intervertebral foraminal area percent
change from bivariate analysis.
Technique
Muscle
Standard
Oblique
IP/PS Ratio
0.162
0.096
LL/IC Ratio
0.065
-0.068
ML Ratio
0.034
-0.078
SCDL Ratio
0.159
0.164
QL Ratio
0.139
-0.087
GM Ratio
0.046
0.013
SCDM Ratio
0.044
-0.037
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CHAPTER 4. CONCLUSIONS AND DISCUSSION
Summary of Most Novel and Important Findings
Associations between paraspinal muscle areas and positional changes in
intervertebral foramina have not been previously reported. In the current study, very
weak correlations were determined for muscle area ratio and absolute intervertebral
foraminal area percent change. These research findings therefore did not support the
research hypothesis that paraspinal muscle areas would be associated with positional
changes in intervertebral foraminal areas. Results indicated that core muscle
strengthening exercises may not be effective treatments for positional foraminal stenosis
in MWDs, however additional studies would be needed to more definitively test this
conclusion.
In the current study (with the exception of two instances) the mean paraspinal
muscle area ratio significantly differed between positions for every muscle and vertebral
location (Table 15). This finding supported our hypothesis that paraspinal muscle areas
would differ for flexion and extension positioning. Results of the current study indicated
that positioning should be standardized when evaluating treatments and paraspinal
muscle area measurements.
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Table 15. Summary of mean paraspinal muscle area ratios by location and position.
Location
Muscle
L5-L6
L6-L7
L7-S1
IP/PS Ratio
F > E*
F > E*
F>E
LL/IC Ratio
F>E
F > E*
NA
ML Ratio
F < E*
F < E*
NA
SCDL Ratio
F < E*
F < E*
F < E*
QL Ratio
F > E*
F > E*
NA
GM Ratio
NA
NA
F < E*
SCDM Ratio
NA
NA
F < E*
* = significant difference, E = Extension, F = Flexion, NA = not available
Effects of measurement technique on positional foraminal area changes have been
previously reported (Zindl et al., 2017). In the current study, percent foraminal area
change also significantly differed between measurement techniques at L6-L7 and L7-S1.
However, we found that measurements of middle and exit zones using the oblique
parasagittal method were not possible. We also did not find evidence that one
measurement technique consistently yielded larger percent change values than another.
Results otherwise supported previously published recommendations that foraminal area
change measurement techniques should be standardized when comparing the
relationships between treatment and positional foraminal stenosis in dogs.
The relationship between measurement technique and lumbosacral angle as well
as range of motion measurements have not been previously reported in dogs. In the
current study, significant differences between lumbosacral angle for technique 1 and
technique 2 were found in both flexion and extension positions. These research findings
supported our hypothesis that lumbosacral angle measurements would significantly differ
by measurement technique. However, range of motion measurements did not
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significantly differ by technique which was counter to the initial hypothesis. Findings
indicated that measurement techniques should be standardized when comparing the
relationships between treatment and lumbosacral angles.

Study Limitations
Exclusive use of Labrador Retrievers for this study allowed for control in breed
variations but generalizability of the current study’s findings for other breeds is unknown.
Previously published literature suggests that there are functional anatomical variations
between breeds and incorporating other breeds into the current study could have resulted
in the introduction of another confounder (Webster et al., 2014). Additionally, only the
entrance zones of the intervertebral foramina were measured due to low observer
confidence in repeatability for the oblique technique moving cranially along the spine in
the middle and exit zones. A more comprehensive understanding of the relationship
between positional foraminal area changes in flexion and extension for the 2
measurement techniques could be gained if all 3 zones were measured and compared
using CT (Higgins et al., 2011; Zindl et al., 2017).
The present study used CT scans of dogs in flexed and extended positions,
because these were the data that had been acquired for dogs used in the previous research
study. However, since initiation of our study, additional research has been published in
the literature using scans obtained with dogs in a neutral position (Zindl et al., 2017;
Worth et al., 2017). The impact of flexion versus extension versus neutral positioning on
the canine intervertebral foramina, lumbosacral angle, and paraspinal muscle area ratios
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therefore remains unknown. Measurements of muscles and intervertebral foramina for
this study were performed using CT scans, however assessment of soft tissue margins
could likely have been more distinguishable if MRI was used. Agreement between the
actual anatomic foraminal area ratios and those measured via CT for each dog of the
present study also remains unknown. Foraminal area measurements were made by a
single observer and interobserver variability is unknown. Similarly, lumbosacral angle
measurements were made by a single observer and interobserver repeatability is
unknown.
Another factor to consider is the weight distribution and natural biomechanics of a
dog while standing compared to dorsal recumbency. The dogs in this study were placed
on their backs which may have altered muscle shape and size as well as foraminal areas.
Measurements published in equine literature were performed with horses standing and
bearing weight on their musculoskeletal system in contrast to the canine studies (Clayton
et al., 2010; Stubbs et al., 2011; Clayton et al., 2012; de Oliveira et al., 2015). Correct
and consistent hyperextension and hyperflexion were ensured by the board certified
radiologist who positioned the dogs for CT imaging. The question remains of how these
standardized positions compare to the dog’s natural hyperextended and hyperflexed
stances.
Muscle asymmetry and foraminal stenosis were not evaluated in the studied dogs.
Positional foraminal area changes and paraspinal muscle areas could possibly differ for
dogs positive and negative for foraminal stenosis. Similarly, sex was not factored into
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statistical analyses. Range of motion, lumbar paraspinal muscle areas, and foraminal
areas could also differ between male and female subjects.

Comparisons of Findings with Previous Publications
This is the first report of comparing mean paraspinal muscle area ratios and
percent intervertebral foraminal area in dogs. Muscle area ratio and absolute
intervertebral foraminal area percent change had a very weak correlation. Due to
research findings conflicting with the initial hypothesis and the novel aspect of the
comparison, additional exploration is needed of the relationship between paraspinal
muscle area ratios and intervertebral foraminal area.
In the present study, significant differences in foraminal area were found between
measurement techniques. Previous research established that differences exist between
the standard measurement technique for mean lumbosacral intervertebral foraminal area
compared to the oblique technique (Higgins et al., 2011). The standard technique for
measuring foraminal area was significantly larger than the oblique measurement
technique (Zindl et al., 2017). Intervertebral volume was greater in flexion than
extension (Worth et al., 2017). The current study findings support the notion that the
techniques differ as significant differences in absolute mean foraminal area change
existed at two locations along the lumbar spine. Volume was not measured in the current
study and change in volume may not be comparable to change in foraminal area.
In a previous study, extended positioning resulted in significantly smaller
foraminal area and lumbosacral angle measurements compared to flexion (Jones et al.,
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2008). Another group of researchers found that lumbosacral angle significantly differed
between flexion (greatest angle), neutral, and extension (smallest angle) (Reynolds et al.,
2014). A 2017 study was conducted that also revealed foraminal area to be significantly
smaller in a hyperextended position compared to neutral (Zindl et al., 2017). The current
studies’ results were communicated as absolute mean percent foraminal area change.
This change was significantly different between techniques. In the present study, mean
lumbosacral angles were greater in flexion than extension for both measurement
techniques which agrees with the aforementioned publications (Jones et al., 2008;
Reynolds et al., 2014; Zindl et al., 2017).

Final Conclusions
In the future, researchers should specify and standardize their techniques when
reporting analyses of lumbosacral angles, paraspinal muscle areas, and positional
foraminal area changes in dogs. Clinicians should also standardize these techniques
when comparing measurements before versus after treatments. Additional research is
needed to determine how findings in the current study can be translated to practical
clinical applications. As is common with radiographic image analysis research, a single
observer performed all measurements in the current study. The observer made triplicate
measurements and averaged these values for use in analyses in order to minimize
observer variation as much as possible. However, it has yet to be determined whether or
not multiple observers would generate comparable measurements. Consistency among

77

observers is a necessary step toward increasing confidence in the muscle measurements
attained in specific positions and applying these techniques in a clinical setting.
Military working dogs are susceptible to lower back disease including
compression of the intervertebral foramina due to positional foraminal stenosis. Earlier
diagnosis and more effective treatment options are necessary to improve and elongate the
working lifespan of these animals. Targeted core muscle strengthening exercises should
continue to be evaluated for effectiveness. The research findings indicate that larger
muscle area ratios do not necessarily correspond with reduced positional foraminal area
change. Stated practically, increased muscle size has not been shown by this study to
improve spinal stability.
If a dog is experiencing pain with a specific motion or in a specific position,
knowing when muscles are at their greatest area could perhaps help improve diagnosis
and treatment of the source of dysfunction. If asymmetry is present at a particular
location along the vertebral column, it would be pertinent to know in what position the
targeted muscles are at their greatest area. Therefore, knowing which positioning
technique allows measurement of the maximum muscle area would be helpful. Targeted
core muscle strengthening exercises are commonly prescribed to improve muscle
symmetry, because it is important for all paraspinal muscles to be working in concert.
However, if muscle asymmetry is not measured in a standard way, it is possible that
choosing to target one specific muscle for strengthening could introduce dysfunction
through overreliance on the targeted muscle.
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Lumbosacral angle is used to quantify the extent of flexion or extension
positioning and to determine lumbosacral range of motion. In the current study,
significant differences existed between techniques for measuring lumbosacral angle.
These differences could result in misdiagnosis if measurement technique was not
specified when consulting with other researchers or clinicians.
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Appendix A. Copyright permission for use of image in Figure 1.
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Appendix B. Copyright permission for use of images in Figure 2, 5, and 9.

84

85

86

87

Appendix C. Copyright permission for use of image in Figure 3.
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Appendix D. Copyright permission for use of images in Figures 4, 6, and 10.
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Appendix E. Copyright permission for use of image in Figure 7.
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Appendix F. Copyright permission for use of image in Figure 8.
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